Abstract Interpretation of adsorption kinetics measured with a quartz crystal microbalance (QCM) can be difficult for adlayers undergoing modification of their mechanical properties. We have studied the behavior of the oscillation amplitude, A 0 , and the decay time constant, τ, of quartz during adsorption of proteins and cells, by use of a homemade QCM. We are able to measure simultaneously the frequency, f, the dissipation factor, D, the maximum amplitude, A 0 , and the transient decay time constant, τ, every 300 ms in liquid, gaseous, or vacuum environments. This analysis enables adsorption and modification of liquid/ mass properties to be distinguished. Moreover the surface coverage and the stiffness of the adlayer can be estimated. These improvements promise to increase the appeal of QCM methodology for any applications measuring intimate contact of a dynamic material with a solid surface.
Introduction
The quartz crystal microbalance (QCM) is an ultrasensitive technique, which allows us to follow in real time the adsorption kinetics of molecules, proteins, and cells onto a surface [1] . Its sensor consists of a thin quartz crystal (generally AT-cut) sandwiched between two evaporated metal electrodes [2] . Application of an alternating voltage with a frequency similar to the quartz resonance frequency induces oscillation of the quartz. The first measurements were performed by Jones et al. and Meiure et al. under vacuum for deposition of metals [3, 4] . In this case the Sauerbrey relation [5] predicts a linear relation between the adsorbed mass and the measured resonance frequency shift:
where ∆f is the measured frequency shift, f 0 the resonance frequency, ∆m the adsorbed mass, and C the quartz sensitivity constant, which depends on the intrinsic properties of the quartz crystal only (υ q =3340 m s -1 , the velocity of the acoustic shear waves perpendicular to the quartz surface, µ q =2.947×10 11 g cm -1 s -2 , the shear modulus of quartz, ρ q =2.648 g cm -3 , the density of quartz, and A is the area of the electrodes). This equation is valid under the following assumptions:
1. the adsorbed mass is perfectly bound to the electrode and does not slip on the surface; 2. it is elastic, i.e. it does not undergo viscoelastic deformations; 3. the mass is forming an uniform layer; and 4. the material acoustic impedance is identical with that of the quartz.
Since Nomura [6] showed that the QCM can operate not only in vacuum and air but also under liquid, interest in the QCM increased greatly due to potential applications in electrochemistry, immunology, biotechnology, and cell biology. However, measurements in a liquid environment are much more complex than under vacuum and the Sauerbrey equation is not valid. It has been shown that for large molecules, for example proteins, the adsorbed mass calculated with the Sauerbrey equation is systematically overestimated [7] , because water molecules trapped between the adsorbed proteins vibrate simultaneously with the protein adlayer, adding to the measured mass. Moreover changes in the mass and liquid properties (density, viscosity) also influence the measured resonance frequency [8, 9] . It is therefore essential to measure simultaneously all possible parameter(s) and not only the frequency. Various groups have developed methods to measure the dissipation factor D=D(f,τ) [10] or Q-factor Q=1/D [11] in addition to f. Nevertheless, this technique alone does not enable determination of whether the frequency shift is due to an adsorbed mass or is a result of modifications of the liquid/mass properties, because f is contained in D [12] . It has been shown that the interpretation of QCM data is enhanced by using steady-state techniques, i.e. by measuring the resistance in addition to the resonance frequency [13, 14, 15, 16, 17, 18] .
Using different agents, such as water-ethanol mixtures, proteins, and cells we determined the additional information given by the maximal oscillation amplitude and the decay time constant in the case of a transient technique. This allowed us to obtain information about energy losses, to separate the contributions of liquid and adsorbed mass to the measured frequency, and to detect modifications in the stiffness of the adlayer. Interpretation of the QCM data is therefore improved, especially concerning the adsorption of viscoelastic mass.
Materials and methods

Proteins
Two proteins different in size and shape have been used for this study, protein A and fibronectin. Protein A (Staphylococcus aureus, Fluka, Buchs, Switzerland) is a globular protein of 44.2 kDa. Its average diameter is 3 nm [19] and the isoelectrical point is pI= 5.1 [20] . The concentration was 1.6 µmol L -1 and it was diluted in nanodeionized water kept in air. The resulting pH was between 5 and 6.
Fibronectin (Sigma, Buchs, Switzerland) is a large multidomain glycoprotein, which is almost 130 nm long [21] . Studies of the hydrodynamic properties of fibronectin in solution suggested a flexible conformation [22] . The stock solution was 1.1 mg mL -1 in 0.05 mol L -1 Tris-buffered saline solution at a pH=7.5 and we diluted it to a final concentration of 0.55 mg mL -1 . Cells TC7 African green monkey kidney epithelial cells were grown on plastic dishes in a humidified 5% CO 2 air atmosphere at 37°C in DMEM (Gibco) containing 10% FBS (Hyclone) and 2 mmol L -1 glutamine, as described earlier [23] . Near confluent cells were detached from the substratum by short trypsinisation (0.5 mg mL -1 ) at 37°C and immediately resuspended in RPMI medium (Gibco) supplemented with 20 mmol L -1 Hepes-NaOH (pH=7.4), 10% FBS, 2 mmol L -1 glutamine, 1% non-essential amino acids and 100 U mL -1 penicillin/0.1 mg mL -1 streptomycin. Cells were immediately transferred to the QCM at a concentration of 10.2×10 4 cells mL -1 .
THP1 acute monocytic leukemia cells were maintained in suspension as described in Ref. [24] . 31×10 4 cells mL -1 were collected by centrifugation and resuspended in Iscove's medium (Life Technologies) supplemented with 10% FBS, 2 mmol L -1 glutamine and 100 U mL -1 penicillin. 0.1 mg mL -1 streptomycin and transferred to the QCM.
The quartz crystal microbalance (QCM)
The quartz crystal microbalance used for this study is a homemade microbalance which can measure simultaneously the series resonance frequency, f, the dissipation factor, D, the maximal oscillation amplitude, A 0 , of the quartz and the transient decay time constant τ. The experimental set-up shown in Fig. 1 is used for experiments in liquid environments, but it can also be employed in air or under vacuum.
When the relay is closed, a frequency generator (Agilent 33120A) excites the quartz crystal at its resonance frequency, which is constantly adjusted during the experiment. The drive voltage supplied by the signal generator is kept constant. After almost 3 ms the relay is opened and the quartz amplitude decays as an exponentially damped sinusoidal [10, 25] :
where τ is the transient decay time constant, and φ the phase. The decay curve is recorded with a sampling frequency, f s , of a second frequency generator (Stanford DS345), so that due to aliasing the measured frequency f m is:
where f m is lower than the oscillation frequency f of the quartz crystal. Nevertheless, the frequency shifts ∆f and ∆f m are similar, allowing us to detect the true frequency shifts during adsorption. The amplitude is digitized and stored in the analog-to-digital converter (ADC), and the values are then transmitted to the computer via the GPIB interface. While this measurement is fitted to obtain the different parameters, the relay is already closed for the next measurement. A program developed in LabView (National Instruments) acquires, treats, and shows the data over hours. The quartz crystal and the solutions are placed in a temperature-control box at T±0.1°C. Therefore the temperature remains constant during the whole experiment and during the solution exchanges, avoiding frequency shift due to changes in the density and the viscosity of the liquid and due to modification of the quartz sensitivity. The quartz is sandwiched between two Plexiglas pieces sealed with Viton O-rings, where liquid exchanges are possible through a tubing system. Only one side of the crystal is in contact with 80 µL of liquid. This experimental set-up ensures that no evaporation of liquid occurs during the measurements.
All experiments were performed with quartz having smooth Au electrodes (Internal Crystal Manufacturing, OK, USA). The side of the crystal in contact with the liquid has a larger electrode area, so that the conductivity and dielectric constant of the liquid does not disturb the measurements [26] .
Before each protein experiment, the system was equilibrated with deionized water at a temperature of 25±0.1°C. The cell ex- Fig. 1 Experimental set-up of our home-made QCM periment was performed at 37±0.1°C and the system was preequilibrated with growth media lacking cells.
Theory and results
Equivalent circuit and physical properties
An AT-cut quartz crystal can be described by an electrical equivalent circuit, as shown in Fig. 2 . It is composed of the series branch or motional branch in parallel with a capacitance C 0 , which is the static capacitance of the quartz resonator with the electrodes. The motional branch defines the electromechanical characteristics of the quartz resonator with inertial component L 1 , compliance of the quartz C 1 , and energy dissipation during oscillation R 1 . This model can also be converted to a mechanical model in which the mass is related to L 1 , the energy stored during oscillation to C 1 and the energy losses to R 1 [27] . All these components are also related to the measured QCM parameters. Upon liquid loading the series resonance frequency is given by [28] :
where D=R 1 /ω L 1 . Kanazawa [9] found the following relation for the frequency shift under liquid without adsorbed mass compared to vacuum:
where f 0 is the resonance frequency, ρ l and η l are the density and viscosity of the liquid, and ρ q and µ q are the density and the shear modulus of the quartz crystal, respectively. In the equivalent circuit this correction to the Sauerbrey equation would be represented by addition of a resistance R 1 and an inductance L 1 in the motional branch. This equation shows that the measured frequency is not only sensitive to mass changes (Sauerbrey) , but also to changes in liquid properties. Similarly, changes in viscosity and density of adsorbed mass will induce additional frequency shifts. It has also been shown that the frequency sensitivity in terms of frequency change per mass density increases with increasing deposition for soft films [29] .
The dissipation factor measures the dissipated energy over the stored energy and is given by:
Changes of R 1 , L 1 or C 1 will induce changes of D, and it is therefore difficult to determine which physical properties (adsorbed mass, energy stored, energy losses, density, viscosity) have induced the D variation. The use of additional parameter(s) is required to improve the interpretation of QCM data, especially for viscoelastic systems. With this in view the maximal oscillation amplitude A 0 of the voltage across the quartz crystal, which is proportional to the mechanical vibration amplitude of the quartz crystal, can be easily used in the case of a transient technique. Indeed it has been shown that when the parallel capacitance is eliminated, as in our system, a change in the voltage is proportional to the change in the motional resistance [30, 31, 32] . Furthermore a modification of the vibration amplitude of the quartz crystal is proportional to the change of the motional resistance [33] .
Experiments performed under vacuum have shown that the maximal oscillation amplitude of a vibrating quartz crystal is linearly proportional to the quartz quality factor Q=1/D for a given applied voltage [34] , confirming the theory developed for a bare quartz crystal [29] . The same behavior is observed for quartz in contact with different liquids, where no mass adsorption occurs. Figure 3 presents the maximal oscillation amplitude as a function of the dissipation factor for mixtures of water and ethanol at different relative concentrations. The maximal amplitude decreases linearly (water-ethanol curve) with an increase of the dissipation factor, D. An increase of the product of the liquid density ρ l and viscosity η l results in an increase of dissipated energy and therefore a decrease of amplitude, which is proportional to (ρ l η l ) 1/2 (Fig. 4) . The measurement is in accordance with different models [35, 36] and similar results have been obtained using steady state techniques [37] . Nevertheless, the proportionality between A 0 and D is no longer valid when biological material is adsorbed. A 0 decreases continuously during protein A adsorption, in contrast to D, which presents a saturation value (inset in Fig. 3 ). During the adsorption of cells, which form a viscoelastic system, A 0 and D decrease, increase and then continue to decrease. Therefore additional information about viscoelastic properties of adlayer may be contained in the measured maximal amplitude A 0 . The theoretical expression of A 0 is difficult to estimate and has not yet been exactly determined, since it contains all mechanisms of energy dissipation. For thin films in contact with the quartz, energy dissipation can arise from changes of the storage modulus (G′) or shear modulus (µ), loss modulus (G″) or viscosity (η) and/or thickness of the adlayer [38] . For a constant loss tangent α=G″/G′, the dissipated energy increases with increasing thickness of the adlayer [39, 40, 41, 42] , except for some thicknesses at which film resonance appears. For most adlayer thickness the dissipated energy increases as α increases [42] . Moreover if the adsorbed mass slips on the surface or with increasing surface roughness, changes in the motional resistance can also occur. Figure 5 shows the amplitude as a function of the frequency shift for different systems. The curve A represents the line obtained with modification of the liquid density and/or viscosity only (water-ethanol mixtures), where the amplitude decrease is linearly proportional to the frequency decrease. With pure mass (rigid) adsorption and no energy losses, curve B would arise, where the frequency decreases but the amplitude remains constant.
Finally the curve C corresponds to the adsorption of a rigid mass, where the solution viscosity and/or density are higher in comparison with the liquid present before the adsorption. The frequency decreases according to the Sauerbrey relation, due to the adsorbed mass, but it also decreases due to changes in the liquid properties according to Kanazawa's relation [9] . By modification of the mechanical properties of the adsorbed mass during adsorption, an additional frequency shift would occur. If curve A is known, it is possible to distinguish between the contribution of the mass adsorption ∆f m and the contribution of the modification of the liquid properties ∆f l .
The last parameter we can measure is τ, which enables calculation of the dissipation factor. Figure 4 shows that under liquid loading, τ is linearly proportional to the product of liquid density and viscosity, similarly to f, D, and A 0 . τ decreases as the product of liquid density and viscosity increases. Moreover with adsorption of soft mass or if the adsorbed mass becomes softer, τ decreases according to:
R 1 where τ therefore represents the mass over the energy losses.
In summary the different measured parameters and their relationship to the physical properties of liquid and adlayer are listed in Table 1 . The storage modulus G′ and the loss modulus G″ can be related to the shear elastic modulus, µ, and the viscosity, η. Under liquid and mass loading, ∆f can be due to an increase of adsorbed mass and/or changes in the mechanical properties of the liquid and of the mass; ∆A 0 is proportional to energy losses due to changes of liquid and/or mass properties; ∆τ represents the changes of decay time due to different stiffness of the adlayer and/or of the liquid; and finally ∆D occurs due to adsorbed mass and/or viscoelastic changes of the adlayer and/or liquid. 
Protein and cell adsorption
The adsorption of proteins induces a decrease of frequency, as it can be seen in Fig. 6 . The behavior is similar for cells after 16 min. It may therefore correspond to adsorption of mass. Nevertheless, modification of the adlayer viscoelastic properties can influence the measured frequency shift, so that we have to consider the other measured parameters. Figure 7 shows the amplitude shift, ∆A 0 , as a function of the frequency shift, ∆f, for water-ethanol mixtures, protein and cell systems. A 0 reached approximately 6300 a.u. when the quartz crystal is immersed in water. First of all it can be seen that the progressive exchange of water with ethanol induces a decrease of A 0 linearly proportional to the decrease in frequency, because both parameters are linearly proportional to the product of liquid density and viscosity (Fig. 4) .
In contrast to water-ethanol exchanges, the adsorption of protein A shows different kinetics. The protein A has been diluted in water and rheological measurements have shown that no viscosity changes occur in comparison with pure water (η=1±0.01 mPas at 25°C), so that no amplitude or frequency decrease can be attributed to changes in liquid properties. The curve remains above the waterethanol curve, and the adsorption can be globally fitted with two slopes. During the first 4 min the amplitude remains constant and the frequency decreases. These first minutes of protein A adsorption corresponds to pure mass adsorption, where no energy losses occur (similarly to the curve B in Fig. 5 ). This phase corresponds to the formation of the first protein A layer [43] . Afterwards the amplitude begins to decrease and the frequency remains almost constant. The formation of the second monolayer occurs more slowly and energy losses arise. Similar behavior has been observed during adsorption of different proteins [43, 44, 45, 46] and cells [47, 48, 49, 50, 51, 52, 53] . This phenomenon might be principally due to the height increase of the protein adlayer and/or due to the increase of the constant loss tangent α. It has been shown that the first protein A monolayer is denatured and has a height of 1 nm, in contrast to the second monolayer, which is 3 nm high [54] . Therefore the decrease in amplitude during the formation of the second monolayer might be due to the increase in the height of the adlayer. Nevertheless, changes of α must also occur, because the conformation of proteins is different in the first and second layers, as is apparent from the less compact geometry in the second layer. Moreover the presence of water molecules entrapped inside the protein layer influences the mechanical properties of the adlayer. By rinsing the surface with deionized water, the second layer is washed out [43] and the frequency increases and reaches the end point of the first slope. During this process the amplitude shows a further small decrease of 128 a.u., which corresponds to additional energy losses due to the rinsing of some proteins.
The adsorption of a viscoelastic protein has been measured with fibronectin (Fig. 7) . Rheological measurements have demonstrated that fibronectin solutions are very viscoelastic by presenting dependencies of G′ and G″ with application of different shear stress (data not shown). We found that the large decrease in frequency happens simultaneously with a decrease in amplitude. In contrast to protein A, the amplitude begins to decrease almost immediately after introduction of the solution, showing that the changes of solution properties towards water contributes to the decrease of f and A 0 . If the adsorbed fibronectin induced no energy losses, the real frequency shift due to adsorbed mass would be ∆f m and ∆f l would correspond to the contribution of changes in liquid properties. However, the liquid density and viscosity are constantly modified due to protein adsorption, so it is difficult to determine in time the precise influence of liquid properties, adlayer properties and mass adsorption on the frequency shift. But similarly to protein A, the amplitude vs frequency shift curve can be fitted by at least two different lines. After 22 min, A 0 decreases drastically in comparison to ∆f. We can estimate that at that stage the contribution of the liquid remains rather constant, because most of the protein adsorption has already occurred. The amplitude decrease corresponds to an increase of α and/or of the thickness of the 6 The frequency decreases during adsorption of proteins or cells protein adlayer. The study of adlayer state after rinsing of the surface with water is described elsewhere [43] .
Finally, we studied the adsorption of the TC7 cells (Fig. 7) . Before introduction of the cell solution the QCM was stabilized with cell culture medium, so that the electrode surface contains already adsorbed proteins and ions. With introduction of the TC7 cells, the frequency drastically decreases during 40 s (∆f=-380 Hz) and thereafter increases during 16 min to reach the initial frequency. A 0 shows similar behavior. The slopes of the decrease and increase of ∆f and ∆A 0 during the first 16 min are almost similar, meaning that a same process of adsorption-desorption occurs. Afterwards the frequency decreases less than 50 Hz in 40 min, in contrast to A 0 , which shows a strong decrease in time. We have observed that a suspension of non-adsorbing hematopoietic THP1 cells induces no frequency shift and an insignificant decrease of amplitude. Therefore the frequency and amplitude changes are most likely due to adsorbing cells. At present little is known about the precise temporal and molecular changes occurring at the interface between cells and the electrode surface during cell adsorption. We can assume that the shape of the cell gradually changes during adsorption, expanding laterally and reducing the total cell height. During this process, focal points of contact with the substratum are developed and these sites of cell adhesion crucially control cell shape and migration [55] . This suggests that the non-slip condition may not be valid. Formation of focal contact points also reshapes the cytoskeleton and this process changes the mechanical properties of the cytoplasm. It is likely that the mechanical properties of the cytoplasm affect the A 0 decrease.
All these processes participate to the measured energy losses and it can be helpful to consider ∆A 0 and ∆f versus the shift in decay time constant τ (Figs. 8A and 8B) , which represents the ratio of adsorbed mass over the energy losses. Under water loading τ is approximately 3000×10 -6 s. It can be seen that the behavior of proteins and cells differs considerably. For protein A and fibronectin, ∆τ, ∆f, and ∆A 0 decrease constantly during the first 2-3min. Afterwards τ remains constant and the amplitude and frequency continue to decrease. In contrast, τ is constantly modified during cell adsorption. Similarly to f and A 0 , it decreases during the first 40 s and increases thereafter during 16 min to reach the initial value and decreases afterwards. Interestingly all A 0 vs τ values move along a specific slope, which lies just under the water-ethanol line (Fig. 8B) .
It seems that τ decreases as long as changes in density and/or viscosity of liquid/mass occur directly on the electrode surface. After full coverage of the quartz surface with the new adlayer mass (for proteins) or the new liquid (for mixtures), a second slope appears in the A 0 vs τ curve. For protein A τ decreases during formation of the first monolayer and remains constant during formation of the second monolayer. In the second phase the amplitude decreases continuously at a constant decay time constant, i.e. at a constant mass/energy loss ratio. Therefore the kinetic energy due to the oscillation of the adsorbed mass (L 1 ) has to increase since the energy losses increase. During the formation of the second layer, the mechanical properties of the adlayer are therefore conserved. Fibronectin shows different behavior during the first few minutes of adsorption. A 0 vs τ follows the water-ethanol curve due to changes of the density and viscosity of the protein solution in comparison with water. Simultaneously, fibronectin adsorbs and covers the whole electrode surface. Similarly to protein A, the second adsorption phase occurs with a constant τ, so that the adsorbed mass increases and dissipates energy losses proportionally to ∆m. The stiffness of the new adlayer is therefore conserved during adsorption. For cell adsorption τ, f, and A 0 decrease during the first few minutes, probably due to the solution exchange, where many cells enter in contact with the surface. Afterwards suspension equilibrates and all parameters increase to reach initial values. This phenomenon occurs more slowly than with proteins, because cells are larger and diffusion therefore takes longer. After 16 min cell adsorption leads to an increase of surface coverage, so that τ and A 0 decrease again. Optical measurements have shown that the surface coverage with cells is not complete after 40 min, where ∆f=-35 Hz, A 0 =-1330 a.u. and τ=-440×10 -6 s. The slope of the A 0 vs τ curve follows the water-ethanol curve, so that the viscosity-density product of the cells in expansion has to increase and is the main effect. It has to be mentioned that the QCM is only sensitive to 180 nm over the surface when water is in contact with the electrode, because the generated waves decrease exponentially into the liquid and the penetration depth depends on the density and viscosity of the liquid [9] . Therefore an increase of adsorbed mass can be detected during cell expansion, although the number of adsorbing cells remains constant. Similarly the total density just over the electrode surface can increase during cell adsorption. Nevertheless, the cell density is similar to water and the frequency shifts measured are smaller than for protein A adsorption, so that the density is not much larger than the water density. A 0 and τ are nevertheless much larger than for protein A and follow the water-ethanol curve, so that an increase of the cell viscosity has to occur. This result is not so surprising, because it is known that the cytoskeleton is reshaped during cell adsorption, and the cell becomes stiffer. Moreover the increase in cell viscosity can influence the quartz sensitivity, which would explain the small decrease of frequency after 16 min of adsorption. Therefore adsorption of cells induces changes of density and viscosity at the electrode surface and thus also affects the frequency.
Conclusion
The QCM is a powerful means of following the adsorption kinetics of different entities, from molecules to living cells. Nevertheless, different physical properties such as the liquid and mass viscosity can influence the measured frequency shift. Measuring additional parameters besides the frequency, f, is essential to distinguish between the contribution of the liquid and mass, and between mass adsorption and modification of viscoelastic properties. Here we present the information that is contained in the maximal oscillation and in the decay time constant in the transient technique. The maximal oscillation, A 0 , is proportional to the vibration amplitude of the quartz crystal and it represents changes of resistance to motion. The decay time constant, τ, represents the ratio of the kinetic energy of the adsorbed mass over its energy losses. It allows us to determine, first, if surface coverage is complete and, second, how the stiffness of the adlayer is changing with time. The interpretation of the QCM measurements is therefore enhanced by measuring f, A 0 , and τ, but additional experiments and modeling will be necessary to quantify each physical property separately.
